Matrix metalloproteinases (MMPs) are thought to be involved in the growth, destabilization, and eventual rupture of atherosclerotic lesions. Using the mouse brachiocephalic artery model of plaque instability, we compared apolipoprotein E (apoE)͞MMP-3, apoE͞MMP-7, apoE͞MMP-9, and apoE͞MMP-12 double knockouts with their age-, strain-, and sex-matched apoE single knockout controls. Brachiocephalic artery plaques were significantly larger in apoE͞MMP-3 and apoE͞MMP-9 double knockouts than in controls. The number of buried fibrous layers was also significantly higher in the double knockouts, and both knockouts exhibited cellular compositional changes indicative of an unstable plaque phenotype. Conversely, lesion size and buried fibrous layers were reduced in apoE͞MMP-12 double knockouts compared with controls, and double knockouts had increased smooth muscle cell and reduced macrophage content in the plaque, indicative of a stable plaque phenotype. ApoE͞MMP-7 double knockout plaques contained significantly more smooth muscle cells than controls, but neither lesion size nor features of stability were altered in these animals. Hence, MMP-3 and MMP-9 appear normally to play protective roles, limiting plaque growth and promoting a stable plaque phenotype. MMP-12 supports lesion expansion and destabilization. MMP-7 has no effect on plaque growth or stability, although it is associated with reduced smooth muscle cell content in plaques. These data demonstrate that MMPs are directly involved in atherosclerotic plaque destabilization and clearly show that members of the MMP family have widely differing effects on atherogenesis.
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animal models ͉ atherosclerosis M atrix metalloproteinases (MMPs) are a group of Ͼ20 zinccontaining endopeptidases that are either secreted or expressed at the cell surface of all of the main vascular cell types. MMPs have overlapping specificities, but each can process at least one extracellular matrix component, and many nonmatrix substrates have also been described. Given this complexity it is not surprising that multiple roles for MMPs have been proposed, including regulation of cell migration, proliferation, and death. As a result, roles for MMPs in atherosclerotic plaque growth and fibrous cap formation have been suggested (1) . On the other hand, the presence of elevated mRNA, protein, and activity levels of MMPs within atherosclerotic lesions, particularly at the shoulder regions of the fibrous cap (2) (3) (4) (5) , has led to the suggestion that they degrade strength-giving extracellular matrix components, including fibrillar collagens. By this mechanism MMPs could promote atherosclerotic plaque destabilization, the main cause of myocardial infarction in humans.
Intervention studies in animal models have been used to investigate the potential roles of MMPs in cardiovascular disease. For example, inhibition of MMP activity by adenovirusmediated delivery of the gene for human tissue inhibitor of metalloproteinases (TIMP)-1 reduced lesion size in the aortic root of apolipoprotein E (apoE) knockout mice (6) . However, atherosclerotic lesion size and stability were unaffected in the aortas of mice deficient for TIMP-1 (7). Additionally, administration of a broad-spectrum MMP inhibitor drug failed to exert any beneficial effect on atherosclerosis measured in the aortas of low-density lipoprotein receptor knockout mice (8) . Contradictory results have also been obtained in studies of MMP transgenic and knockout mice (7, (9) (10) (11) . However, none of these studies directly addressed the issue of plaque instability.
We have recently described a model of plaque instability in which spontaneous plaque ruptures and rupture-related events are observed at an early time point in the proximal part of the brachiocephalic arteries of fat-fed apoE knockout mice (12) . Acute plaque disruption and fibrin deposition correlate closely with the presence of buried fibrous layers (akin to human healed plaque ruptures) in lesions from mice at this time point. Therefore, buried fibrous layers can be used as a surrogate marker of previous plaque disruption͞ instability, and we are able to compare the effects of several MMP gene deletions in the same defined anatomical location. We investigated the contributions of four members of the MMP family that have been suggested to play a role in atherosclerotic plaque instability: MMP-3 (stromelysin-1), MMP-7 (matrilysin-1), MMP-9 (gelatinase B), and MMP-12 (macrophage metalloelastase). We determined their effects on progression and atherosclerotic lesion phenotype in the brachiocephalic arteries of apoE knockout mice.
Methods

Animals. MMP-3
Ϫ/Ϫ (background strain B10.RIII), MMP-7
(background strain C57BL͞6), MMP-9 Ϫ/Ϫ (background strain CD1), and MMP-12 Ϫ/Ϫ (background strain 129) mice were kindly provided by J. Mudgett (Merck Research Laboratories, Rahway, NJ) and S. Shapiro (Harvard Medical School, Boston). ApoE Ϫ/Ϫ mice were kindly provided by J. Breslow (The Rockefeller University, New York). The strain background of the apoE Ϫ/Ϫ animals was 71% C57BL͞6, 29% 129, as determined by fingerprinting of tail-tip DNA. ApoE Ϫ/Ϫ mice were crossed with MMP knockouts to generate apoE
Ϫ/Ϫ , and apoE Ϫ/Ϫ ͞MMP-12 Ϫ/Ϫ double knockout mice as well as their relevant age-, strain-, and sex-matched apoE Ϫ/Ϫ single knockout littermate controls. Genomic DNA was extracted from tail tips for genotyping by PCR. The housing and care of the animals and all of the procedures used in these studies were performed in accordance with the guidelines and regulations of the University of Bristol and the United Kingdom Home Office.
Experimental Design. As demonstrated (12) , atherosclerotic lesions develop more rapidly in the brachiocephalic arteries of male mice compared with females; therefore only male animals were used in these studies. To evaluate any effect of MMP gene knockout on normal development of the brachiocephalic artery, subsets of animals were fed standard chow diet from weaning for 6 weeks and then terminated. To evaluate atherosclerosis, animals of 8 weeks of age were fed high-fat diet containing 21% (wt͞wt) pork lard and supplemented with 0.15% (wt͞wt) cholesterol (Special Diet Services, Witham, U.K.) for 8 weeks. To ensure that the studies were adequately powered, group sizes in excess of 20 animals were used.
Plasma Lipid Profile. Heparinized plasma samples were collected at termination, and plasma lipid profiles were determined as described (12) .
Termination. Animals were anaesthetized by i.p. injection of sodium pentobarbitone before exsanguination by arterial perfusion via the abdominal aorta with PBS at a constant pressure of 100 mmHg (1 mmHg ϭ 133 Pa), with outflow through the incised jugular veins. This process was followed by constant pressure perfusion with zinc-HCl fixative [0.05% (wt͞vol) calcium acetate, 0.5% (wt͞vol) zinc acetate, 0.5% (wt͞vol) zinc chloride, 0.1 mol͞liter Tris⅐HCl, pH 7.4]. The brachiocephalic artery was removed from each animal.
Histology. Brachiocephalic arteries were embedded in paraffin or optimum cutting temperature compound (OCT, BDH Laboratory Supplies, Poole, Dorset, U.K.). Sections were cut at 3 m for paraffin-embedded sections and 7 m for OCT-embedded sections. Sections were stained with hematoxylin and eosin or Miller's elastin͞van Gieson stain.
Immunohistochemistry. Serial 3-m paraffin sections were dewaxed and rehydrated. Endogenous peroxidase activity was inhibited by incubation with 3% hydrogen peroxide. After blocking sections with 20% (vol͞vol) goat serum in PBS, sections were incubated overnight at 4°C with either a purified rat mAb against mouse macrophages (Mac2) (BD Biosciences, Oxford, U.K.) at 3.12 g͞ml or mouse mAb against ␣-smooth muscle actin (Sigma) at 82 g͞ml in 1% (wt͞vol) BSA in PBS. Sections were then incubated with the appropriate biotinylated secondary antibodies (DAKO) diluted 1:200 in 1% (wt͞vol) BSA in PBS, and then horseradish peroxidaselabeled Extravidin [diluted 1:400 in 1% (wt͞vol) BSA in PBS]. Color was developed with 0.05% (wt͞vol) 3,3Ј-diaminobenzidine, and then the nuclei were counterstained with Mayer's hematoxylin. Positive cells were counted and expressed as a percentage of the total number of nucleated cells. A negative control, where the primary antibody was replaced with either mouse or rat IgG at the same dilution, was always included.
Morphological Analysis. Sections were inspected for the presence of buried fibrous layers, smooth muscle cell-rich layers, invested with elastin, and usually overlain with foam cells, within the body of the plaque. These represent previous healed plaque ruptures (12) and were also counted.
Statistical Analysis. Values are expressed as mean Ϯ SEM. For the comparison of group means, a check was first made for similar variances: if the check was passed, then an unpaired two-sample two-tailed Student's t test was carried out. If the variances were significantly different, then an unpaired two-sample two-tailed t test with Welch's correction was used. Discontinuous data (incidence of buried fibrous layers) were analyzed with the Mann-Whitney test. In all cases, statistical significance was concluded where the twotailed probability was Ͻ0.05.
Results
Morphometry of the Brachiocephalic Artery in Chow-Fed Animals.
There were no statistically significant differences in lumen size, medial area, or length of the internal elastic lamina in brachiocephalic arteries of any of the apoE͞MMP double knockout mice compared with their respective strain-matched apoE single knockout controls, after 6 weeks of chow diet (Table 1 ). This finding suggests that there is no significant difference in development of the Double knockout mice and single knockout controls were fed chow diet and terminated at 6 weeks of age, and the brachiocephalic artery was removed. Vessel compartment areas were determined by computerized morphometry. There were no significant differences between double knockout and single knockout control mice. Values represent mean Ϯ SEM.
brachiocephalic artery as a result of the deficiency of individual MMPs.
Plasma Lipid Profile. There were no statistically significant differences in plasma total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein cholesterol, or triglycerides between MMP-3, MMP-7, and MMP-9 double knockout mice and their respective apoE single knockout controls, after 8 weeks of high-fat feeding (Table 2) . MMP-12 double knockout mice had significantly higher plasma concentrations of HDL cholesterol (ϩ30%; P Ͻ 0.01) and triglycerides (ϩ205%; P Ͻ 0.001) than their strain-matched apoE single knockout controls. These data are summarized in Table 2 .
Effects of MMP Gene Knockout on Atherosclerosis Development and
Plaque Rupture. MMP-3. Atherosclerotic plaque area was 4-fold greater (P Ͻ 0.01) in the brachiocephalic arteries of apoE͞MMP-3 double knockout mice (31 Ϯ 7 ϫ 10 3 m 2 ) than in strain-matched apoE single knockout controls (7 Ϯ 3 ϫ 10 3 m 2 ). The number of buried fibrous layers was increased 8-fold in the double knockouts (0.31 Ϯ 0.11 versus 0.04 Ϯ 0.04 buried fibrous layers per plaque; P Ͻ 0.05). ApoE͞MMP-3 double knockouts had a significantly lower plaque smooth muscle cell content (24 Ϯ 3%) than strain-matched apoE single knockout controls (45 Ϯ 7%; P Ͻ 0.01), but there was no difference in macrophage content. These data are summarized in Table 3 , and representative vessel sections are shown in Fig. 1 .
MMP-7.
No statistically significant differences in brachiocephalic artery lesion area, media area, or the number of buried fibrous caps were detected between apoE͞MMP-7 double knockout mice and their strain-matched apoE single knockout controls. However, a 78% increase in plaque smooth muscle cell content was observed (16 Ϯ 3% versus 9 Ϯ 1%; P Ͻ 0.01). The macrophage content of lesions was comparable between both groups. These data are summarized in Table 3 , and representative vessel sections are shown in Fig. 2 . MMP-9. Lesion area was significantly greater in brachiocephalic arteries from apoE͞MMP-9 double knockout mice (91 Ϯ 13 ϫ 10 3 m 2 ) than strain-matched apoE single knockout controls (41 Ϯ 8 ϫ 10 3 m 2 ; P Ͻ 0.001). A 2-fold increase in the number of buried fibrous caps was also observed (0.84 Ϯ 0.12 versus 0.42 Ϯ 0.12 buried fibrous layers per plaque; P Ͻ 0.05).
A 29% reduction in lesion smooth muscle cell content was observed in apoE͞MMP-9 double knockout mice (39 Ϯ 2% versus 55 Ϯ 4%; P Ͻ 0.001), together with a 39% increase in the macrophage content (43 Ϯ 2% versus 31 Ϯ 3%; P Ͻ 0.01). These data are summarized in Table 3 , and representative vessel sections are shown in Fig. 3 . MMP-12. Atherosclerotic plaque area was decreased by 52% in apoE͞MMP-12 double knockout mice (56 Ϯ 7 ϫ 10 3 m 2 ) compared with strain-matched apoE single knockout controls (116 Ϯ 12 ϫ 10 3 m 2 ; P Ͻ 0.001). In addition, the number of buried fibrous caps was reduced by 59% in apoE͞MMP-12 double knockout animals (0.55 Ϯ 0.14 versus 1.33 Ϯ 0.21 buried fibrous layers per plaque; P Ͻ 0.01).
With regard to the cellular composition of the lesions, the smooth muscle cell content was 2.5-fold greater in the double knockouts (23 Ϯ 3% versus 9 Ϯ 1%; P Ͻ 0.05). The abundance of macrophages was 53% lower (15 Ϯ 4% versus 32 Ϯ 4%; P Ͻ 0.05). These data are summarized in Table 3 , and representative vessel sections are shown in Fig. 4 .
Discussion
Certain characteristics of human atherosclerotic plaques, such as a greater lesion size, decreased smooth muscle content, increased macrophage number, and evidence of healed silent plaque rupture, are associated with instability and rupture (13) (14) (15) . Similar phenotypic features are observed in unstable brachiocephalic atherosclerotic lesions in the apoE knockout mouse (12) , suggesting that mouse lesions mimic at least some of the processes that culminate in plaque rupture in humans. We have therefore used these phenotypic features to quantify the effects of knocking out specific MMPs on plaque stability.
This study shows that knocking out specific MMP genes has diverse effects on the development and phenotype of atherosclerotic plaques. It shows that the hypothesis that MMPs induce atherosclerotic plaque instability by degrading the extracellular components of the fibrous cap is inaccurate: MMP-3 and MMP-9 appear actually to be protective, in that animals with these genes knocked out have accelerated atherosclerotic lesion development and the lesions are significantly more complex with evidence of previous disruption. This study also suggests that MMP-7 has no effect on atherosclerosis. MMP-12 seems to play a detrimental role, supporting atherosclerotic lesion growth and increasing the susceptibility to rupture.
MMP-3.
A previous study in fat-fed apoE͞MMP-3 double knockout mice, examining atherosclerotic lesions in the thoracic aortas, also demonstrated larger lesions with fewer smooth muscle cells, implying a less stable plaque phenotype (10) . Interestingly, it has been reported that a genetic variant of the human MMP-3 promoter that results in reduced gene expression is associated with accelerated atherosclerosis and increased incidence of cardiovascular events (16, 17) , consistent with larger, less stable lesions. Hence in both human and murine atherosclerotic lesions there may be a requirement for a certain minimum level of MMP-3 expression to support their stability.
MMP-3 has a broad substrate specificity for extracellular matrix components and also activates many of the other MMPs (18) . Therefore many mechanisms could account for the apparent beneficial effect of MMP-3 within atherosclerotic lesions. Galis and colleagues (3) showed that all of the smooth muscle cells in human atherosclerotic lesions, and the majority of those in the media, express MMP-3 protein. It has been suggested MMP-3 facilitates the degradation of cell-to-matrix and cell-to-cell contacts during proliferation and migration of smooth muscle cells (19) (20) (21) (22) , and in the current study there were indeed fewer smooth muscle cells in atherosclerotic lesions from apoE͞MMP-3 double knockout mice than controls (Table 3 ).
The plaques in strain-matched apoE single knockout controls in the MMP-3 study were small and relatively immature at the time point used (Fig. 1) , and consequently had few buried fibrous layers. This finding suggests that the precise genetic background of apoE knockout mice is an important determinant of plaque development, possibly through changes in proteinase expression (23) . Knocking out MMP-3 appeared to accelerate plaque growth so that the lesions reached a level of complexity where an unstable plaque phenotype was more prevalent (Table 3) .
MMP-7.
The data in the current study are in line with previous reports that MMP-7 may not make a major contribution to atherosclerotic lesion development or stability (3, 4) . However, compared with apoE single knockout controls, the smooth muscle content of lesions from apoE͞MMP-7 double knockout mice was almost 2-fold higher (Table 3) . It has been shown that MMP-7 has apoptotic properties (24) and therefore may have the potential to promote smooth muscle cell apoptosis, thus accounting for the increased number of smooth muscle cells in the double knockout animals.
It is possible that knocking out the MMP-7 gene has other effects on arterial physiology that counteract the beneficial changes in smooth muscle cell content, because MMP-7͞apoE double knockout mice had the same number of buried fibrous layers as their apoE single knockout controls. In this context it is interesting to note that MMP-7 has been implicated in the maintenance of arterial tone, and that therefore MMP-7 knockout mice may suffer increased tensile force across the fibrous cap as a result of reduced medial tone (25) . Hence the greater stability conferred on the lesion by increased smooth muscle cell number may be negated by increased strain on the fibrous cap.
MMP-9.
In our study, atherosclerotic lesions from apoE͞MMP-9 double knockout mice exhibited characteristics suggesting a heightened transition to an unstable plaque phenotype compared with apoE single knockout controls (Table 3) . Interestingly, previous studies performed in MMP-9 knockout mice examining the effects of arterial injury (26) , flow cessation (27) , and atherosclerosis formation (11) on smooth muscle cell behavior have suggested that MMP-9 may directly modulate smooth muscle migration. On the other hand, evidence from Lessner and colleagues (28) suggests that MMP-9 does not play a major role in macrophage movement. Hence deletion of MMP-9 would be expected to reduce smooth muscle cell but not macrophage content, consistent with the changes in cellular composition observed in the present study. These data could account for the augmented unstable plaque phenotype observed in apoE͞MMP-9 double knockout mice.
Two recent studies have suggested another intriguing possibility: MMP-9 might directly affect thrombus maturation and dissolution. MMP-9 is able to inhibit platelet aggregation in response to thrombin or collagen (29) and has the capability to degrade fibrin (30) . Furthermore, thrombus formation can induce MMP-9 release from surrounding cells (31) , and MMP-9 knockout mice have an increased propensity to hemorrhage (32) . Therefore, MMP-9 could reduce thrombus size, and its increased expression may promote smooth muscle cell-directed healing after atherosclerotic plaque rupture, resulting in retardation of plaque expansion and increased stability of the newly forming cap.
Several studies have shown that patients with acute coronary syndromes have elevated plasma levels of MMP-9 compared with patients suffering from stable effort angina (33, 34) . These findings and those of others (35) have been interpreted as evidence that MMP-9 is causally involved in the process of acute plaque rupture. Our studies suggest an alternative explanation: when an acute plaque rupture takes place, MMP-9-dependent processes are activated that initiate a healing response that involves the recruitment of smooth muscle cells and the elaboration of matrix. Hence, after an acute coronary event, the increase in plasma MMP-9 concentration may be the consequence of the healing response rather than the initial plaque rupture.
MMP-12.
Brachiocephalic arteries from apoE͞MMP-12 double knockout mice harbor smaller atherosclerotic lesions that exhibit characteristics of a stable plaque phenotype (Table 3) , supporting the hypothesis that MMP-12 may act as a destructive protease promoting atherosclerotic plaque instability. Additionally, the decreased lesional content of macrophages in apoE͞MMP-12 double knockout plaques suggests that MMP-12 is involved in macrophage behavior (Table 3) . These data are contrary to those of Luttun and colleagues (11) , who have recently showed that atherosclerotic lesion size is unaffected in the descending aorta and aortic sinus of apoE͞MMP-12 double knockout mice and that there is no difference in lesion macrophage content. However, Luttun and colleagues evaluated atherosclerosis at arterial sites harboring aneurysms, which may not be comparable to a nonaneurysmal site (36) such as the brachiocephalic artery.
Two recent studies have used macrophage-specific overexpression of MMP-12 in animal models of inflammation to evaluate the role this protease plays in inflammatory cell infiltration (37, 38) . Both reported increased macrophage recruitment to sites of preinduced inflammation in animals overexpressing MMP-12 compared with controls, together with increased extracellular matrix degradation and augmented inflammation. Moreover, in mice without a functional MMP-12 gene, allergen-induced lung inflammation was ameliorated relative to controls, principally because of inhibition of inflammatory cell recruitment and infiltration (39) . A study exploring the function of macrophages from MMP-12 knockout mice has demonstrated that these cells have a markedly diminished capacity to degrade extracellular matrix components (40) . Furthermore, it was shown that MMP-12 knockout macrophages fail to digest soluble elastin and are unable to penetrate reconstituted basement membranes in vitro and in vivo. This result suggests that MMP-12 is necessary for macrophage-mediated extracellular matrix proteolysis and tissue invasion at sites of inflammation and may explain the reductions in plaque size and macrophage content in apoE͞MMP-12 double knockout mice in our study.
MMP-12 may affect atherosclerosis indirectly, through an effect on plasma lipid composition (Table 2) . However, both proatherogenic and antiatherogenic plasma lipids were affected, and the greatest effect was on triglycerides, which are proatherogenic (41) . Therefore these changes, as yet unexplained, are unlikely to be responsible for the reduction in plaque size and stability observed in MMP-12͞apoE double knockout mice.
In summary, these studies in double knockout mice highlight divergent roles for different members of the MMP family in atherosclerotic plaque development and destabilization. The widely differing effects of knocking out various MMPs suggest that their functions cannot be completely compensated for by other proteases. The fact that some MMPs (i.e., MMP-3 and MMP-9) appear protective whereas others (i.e., MMP-12) appear harmful may indicate why treatment with nonspecific MMP inhibitors does not have the expected beneficial effect on atherosclerosis in mice (8, 36) and humans (42) . This study emphasizes the need for inhibitors that are selective for individual MMPs, and MMP-12 would appear to be a suitable enzyme to target.
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